Abstract. We outline an all-optical and noncontact approach for controlled laser heating and measurement of the resultant temperature distribution at the surface of a material, respectively. We show how the boundary conditions of the heating problem may be controlled optically through shaping of the pump light and use the examples of both Gaussian and flat-top beams. These two beams, together with appropriate nonoptical boundary control, allow for the laser-induced thermal study of materials with and without thermal stress. We illustrate the technique on an industrial diamond sample where a gradient and uniform temperature profile on the surface of the diamond was successfully created and measured. We use the technique to study the thermally induced degradation of industrial diamond in a controlled manner.
Introduction
Laser heating of material surfaces has emerged as a powerful tool for studies of material residual stresses, tool wear, and surface dynamics, as well as in surfaces processing and chemical analysis. [1] [2] [3] Measuring surface temperatures during laser heating is important for correctly interpreting the observed phenomena and describing forces behind materialproperty changes of heated materials. As scientists try to achieve a better understanding of the phenomena and try to better control and predict them, accurate measurement of temperature becomes more critical. Scientists have attempted to measure temperature with various techniques [4] [5] [6] that can be classified into three categories 7, 8 depending on the nature of contact between the measuring device and the solid, liquid, or gaseous medium of interest: (1) contact, (2) semicontact, and (3) noncontact.
A contact technique is when the measuring device is in direct contact with the medium of interest, such as with thermocouples. 8, 9 Thermocouples are commonly used owing to their low cost, simplicity, robustness, size, and temperature range. Their problem is the intimate contact with the surface, which affects the local surface energy balance and thus the very temperature one wishes to measure. 10 The small sampling area of such sensors is also an issue and is affected by radiant energy exchange that can cause the measured temperature to differ from the surrounding surface. 11 These sensors measure only the mean temperature over the entire contact area, whereas high local or flash temperatures, which can may occur for a short period of time, cannot be observed. 12, 13 The sensors require periodic recalibration due to electromagnetic interference and environmental degradation. 8 A semicontact technique is when the medium of interest is treated in some manner to enable remote observation, for example, surface coatings whose color changes with temperature. Semicontact techniques such as temperature-sensitive paints are generally limited to temperatures <380 K. Additionally, thermal paints are inappropriate for timeresolved measurements, and they allow an estimation of the peak temperature only, which is indicated by an irreversible color change of the paint.
14 However, thermographic phosphors offer a semicontact technique with spatial and temporal resolution over a broad temperature range, provided they are carefully handled. 15, 16 An alternative is a noncontact technique which avoids the aforementioned problems because the medium of interest is observed remotely. For example a noncontact infrared (IR) thermographic system can provide spatial and temporal measurements with good resolution and without interfering with the heating process. [17] [18] [19] This system measures temperature based on thermal radiation in the IR spectrum. Generally, it may include an optical system, a detector, and a control and analysis system. An excellent review of the technique can be found in Ref. 20 .
Laser-based systems are ideal for creating the intensities required to raise the temperature of an object under study. In a typical setup, a laser beam is focused onto the absorbing object, causing the object's temperature to increase. The advantage of using the laser to raise the temperature of the object is that the laser beam can easily be adjusted and controlled to deliver intense heat over a small or a large area of the object, for desired periods of time, by varying the laser beam parameters such as spot size and laser power. The laser beam intensity profiles can also be shaped to allow for control of the heat source at the sample.
Laser beam shaping is the process of redistributing the irradiance and phase of a beam of optical radiation and has been reviewed extensively to date. 21, 22 The laser beam intensity profile can be shaped with either amplitude or phase modulation of the beam by using diffractive optical elements (DOEs), 23 aperturing of the input laser beam, 24 and so on. Amplitude modulation is effective in beam shaping but has the drawback of wasting significant amounts of the laser energy; phase modulation is much more efficient for commercial uses and is virtually lossless. The shaped laser beam profile may be arbitrary, including rectangular, circular, triangular, ring-shaped, and flat-top, to name but a few.
In this work, we make use of laser beam shaping to control the heat source term in thermal studies and use a noncontact measurement technique to monitor the impact of the source term in real time. To date, there have been no thermal studies that exploit laser beam shaping to control the heat source term. In this study, we implement an all-optical system for both laser heating and measuring of the resulting temperature distribution of a body. We make use of a DOE in conjunction with a Fourier-transforming lens to transform a Gaussian beam profile into a flat-top beam profile. The laser beam can therefore be customized in intensity profile at the plane of the sample to be heated. The ability to heat the diamond tool with two laser beam profiles and two optical setups will be demonstrated. A model for the temperature on the surface of the diamond tool was developed and shows qualitative agreement with experimental data. It will be shown that it is possible to engineer the boundary conditions and initial beam such that a uniform or gradient in temperature can be created, allowing the study of thermal effects with or without thermal stresses. We demonstrate the usefulness of such a technique with the example of thermally induced damage in an industrial diamond sample.
Temperature Distribution Model
In this study, an analytical model based on the heat diffusion equation is developed to analyze temperature distribution in a material irradiated by a laser. For the moment, we restrict ourselves to cylindrical symmetry, although conversion to other geometries is well known, 25 and we assume that most of the heating occurs near the surface of the material (since the absorption of nontransparent objects is usually very high). Further, to aid simplification, we assume that thermal parameters of the material of interest in the considered temperature range are constant and temperature independent. 26 To find the dynamic temperature distribution on the surface of the sample, we solve the heat diffusion equation with a nonzero source term: 27 ∂Uðr; tÞ ∂t − D∇ 2 Uðr; tÞ ¼ QðrÞ;
with diffusivity D ¼ k∕ρC p and where Uðr; tÞ is the temperature on the surface of the sample. Here ρ is the density, k is the conductivity, C p is the heat capacity, and QðrÞ is the source term for a nonzero absorption of the laser light, α.
If the source term is a laser beam with an intensity distribution IðrÞ, then 25, 28 QðrÞ ¼ IðrÞα
For a Gaussian laser beam of radius w and power P 0 , this becomes
In the case when a flat-top beam is used, the source term is given by 29 QðrÞ
Clearly, varying the total power of the laser or the beam size or the distribution of power in the beam (intensity profile) will vary the source term. The nonhomogenous Eq. (1) can be solved using Green's functions, which leads to an integral solution given by 30 Uðr; tÞ
with
in the case of a constant temperature boundary condition ½Uða; tÞ ¼ 0 and
when the temperature of the boundary may vary but the heat flow across the surface is zero [∂U∕∂r ¼ 0 at r ¼ a]. The α m terms are positive zeros of the first order of the Bessel function,
Here a is the sample radius, J x refers to a Bessel function of order x, and r is the radial coordinate. From Eq. (5), the temperature profile as function of time on the surface of the sample can be determine by substituting the source term given in Eq. (3) and the Green's function given in Eqs. (6) and (7), respectively. The temperature profile as a function of time on the surface of the sample may be found to be
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Here Eq. (8) refers to the constant-boundary-temperature case, and Eq. (9), to the zero-heat-flow case. The beam size along with beam power determines the power intensity distribution, and in this study various beam sizes, irradiating durations, and beam profiles were used to alter the heating characteristics. Some typical results of the calculated surface temperature under these conditions are shown in Fig. 1 . Results show that the surface temperature distributions are uniform due to the zero-heat-flow assumption but show a strong gradient due to the constant-boundary-temperature assumption. As expected, the peak surface temperature increases as the laser beam power increases and is higher for smaller focused spots of intense light. A smaller laser beam size results in a high surface temperature.
Diamond Tool
One of the questions that we address here is whether thermally induced problems in some materials arise as a result of how hot the object is rather than the gradient of temperature across the material. One might anticipate that the former is due to uniform temperature profile, whereas the latter is due to gradient temperature profile. In this work, a synthetic diamond tool was chosen, a material that has found widespread use for drill bits in the mining industry. The drill bits are fitted with the diamond tool for a significant portion of the total footage drilled and are popularity for their effectiveness in drilling soft to medium formations at relativity high penetration rates. 31 However, the drill bits reach very high temperatures during a typical drilling process due to friction, with the efficiency of the material decreasing rapidly at temperatures exceeding 700°C to 750°C, and it is thought that the damage is induced by thermal stress. 32 The diamond tool comprises a polycrystalline diamond (PCD) layer on a supporting tungsten carbide (WC) substrate that is sintered at high temperature and high pressure (HTHP); the origin of this diamond has been discussed previously. 33 The HTHP diamond tool used in this study was deposited on a 15-mm-diameter cylindrical alloy substrate containing WC with trace elements of iron (Fe) and cobalt (Co). The total thickness of the sample was 15 mm, where WC is 12 mm thick and PCD is 3 mm thick, as shown in the inset of Fig. 2 .
Laser Heating and Temperature Measurement of the Diamond Tool
Here we demonstrate how to raise the temperature of the diamond tool and measure it. Figure 3 shows the schematic optical system layout of this study. A continuous wave CO 2 laser (Synrad D48-2-115) was used as the laser heating source in the experiment. A helium-neon laser was aligned to be colinear with the CO 2 beam to facilitate alignment of the invisible IR CO 2 beam throughout the optical system. The DOE element was designed to work at a specific wavelength of 10.6 μm and a beam radius of 7 mm. The laser beam was delivered through suitable optical elements to produce a beam radius of 7 mm, with a near-flat wavefront at a focusing lens (ZnSe) with focal length 250 mm. The DOE beam shaping element and a Fourier transforming lens were placed at the position where the 7-mm beam radius was located, and the Gaussian beam could be reshaped to a flat-top beam at the same plane after the lens, as shown in Fig. 4 (a) and 4(b), respectively. The power delivered to the sample could be varied between 1 and 40 W with the polarization-based attenuator, and the size of the beam at the sample could be chosen depending on the distance after the lens. An 88% reflecting beam splitter allowed continuous monitoring of the laser power over the duration of the experiment, and the laser beam profiles at the sample were measured with a pyro-electric camera (Spiricon Pyrocam III). We carried out two sets of experiments: (1) In the first experiment, the temperature across the object was kept constant, with no gradient and therefore no stresses, and (2) In the second experiment, a temperature gradient was applied across the object, with high stresses even at relatively low temperatures. We created two simple holders for the object so that the two sets of experiments could be realized. First, the object was housed in a cylindrical stainless-steel holder padded on the inside with an insulator to prevent heat flow or heat loss through the circumference, thus mimicking the zero-heat-flow boundary condition scenario as shown in Fig. 5(a) . This boundary condition results in a uniform temperature even if the heating mechanism is not uniform across the sample. Second, the object was housed in a copper block that was water cooled, so that the boundary was always at a constant temperature, as shown in Fig. 5(b) . This boundary condition results in a very strong thermal gradient across the object. The diamond tool sample was laser heated with both laser beam profiles and two optical setups, and then the resultant temperature profile was measured. The temperature was measured in the IR at several discrete wavelengths in the wavelength range between 8 and 14 μm using an uncooled microbolometer (a-Si) (Xenlcs Gobi-1152) IR camera. The number of the camera pixels is 384 to 288 with resolution of 25 μm per pixel. The frame capture rate was fixed at 25 Hz with a 16-bit depth for A-to-D conversion. The camera was calibrated for temperature range from room temperature to 1273 K. During heating, the resulting graybody emission from the sample was collected on an IR camera and converted into a temperature profile using blackbody principles. Figure 6 shows thermal images of the insulator holder with the diamond sample inside it and the copper-cooled holder with the diamond sample inside it. Because of the boundary condition of zero heat flow achieved by the setup in Fig. 5(a) , the sample takes on a uniform temperature profile even when the source term is not uniform. The predicted profiles for a Gaussian source term are shown in Fig. 1(a) , the measured profiles in Fig. 7(a) , and similar profiles are found with the use of the flat-top beam. The results show that even with a Gaussian laser beam profile, this setup allows a uniform temperature profile across the PCD sample. Because of the boundary condition of the temperature profile at the edge of the sample being room temperature, achieved by the Fig. 2 The diamond sample. Fig. 3 Schematic drawing of the optical configuration for laser heating of the sample and measuring the resultant temperature. 1, CO 2 laser 10.6 μm; 2, HeNe laser 632.8 nm; 3, R ¼ 6-m moly mirror; 5, R ¼ ∞ copper mirror; 6, R ¼ ∞ copper mirror; 7, ZnSe beam splitter 88% reflection; 8, power meter; 9, diffractive optical element; 10, ZnSe lens f ¼ 250 mm; 11, sample; 12, infrared camera.
Results and Discussion
Optical Engineering 044301-4 April 2013/Vol. 52 (4) setup in Fig. 5(b) , the sample takes on a gradient temperature profile. The predicted profiles for a Gaussian source term are shown in Fig. 1(b) and the measured profiles in Fig. 7(b) .
The results show that with a Gaussian laser beam profile, this setup allows a gradient temperature across the PCD sample. Previously, it has been shown 34 that laser heating does not result in graphitization of the PCD, but rather cobalt and tungsten oxides form on the diamond surface, as shown in Fig. 8 . In Fig. 8 , we show two diamond tool samples after laser heating; the laser was focussed at the center of the PCD surface for approximately 8 s at an average laser power of 4 kW using a CO 2 and Nd∶YAG laser, respectively. We observe that the thermally induced stresses in the diamond are sufficient to change its physical and chemical properties. X-ray diffraction, Raman spectroscopy, and scanning electron microscopy confirm the diffusion of the cobalt and tungsten from the diamond base, forming oxides at the surface. 34 This accounts for the color changes evident (compared to Fig. 2) , while the physical changes are due to thermal stresses and fracture. In such experiments, the thermal gradients could not be controlled, nor was there a suitable system in place for measuring the resulting temperature profile across the sample.
Although there is qualitative agreement between theory and experiment, there is no quantitative agreement. Beside this disagreement, there is a good agreement between the model prediction and the experimental data on the temperature profiles: temperature rises as time increases, temperature increases as the laser beam size decreases, and also temperature increases as the laser beam power increases, as shown in Figs. 1 and 7 .
Figures 9 and 10 show a comparison of the Raman spectra and scanning electron microscopy (SEM) micrographs taken on the surface of the PCD layer for the samples shown in Fig. 8 . Raman spectra were taken on the PCD layer surface before and after laser heating for 45 min. The sample was heated for 45 min at a laser beam power of 26 W and laser beam radius of 0.7 mm. The temperature was determined to be 681 K by collecting the emitted emission of the diamond tool using the infrared camera. The infrared camera used the emission to determine the temperature using the blackbody principle mentioned above. It is evident that there is no graphitization on the surface of the PCD layer due to the temperature, since there is no peak for graphite on the Raman spectra. However, there are Raman shifts for the peaks of the oxides of W and Co, as seen in Fig. 9 . This was also observed on the SEM micrograph of Fig. 10 . The SEM micrographs show that the Co and W migrated on the PCD layer, and microstructure was formed due to laser heating or temperature. There is a small Raman shift of the diamond peak (1338 cm −1 before and 1335 cm −1 after laser heating for 45 min), compared with pure diamond (1332 cm −1 ). 35 Cappelli et al. 36 observed a similar Raman shift of the diamond peak after growing the diamond tool using chemical vapor deposition (CVD). It was suggested that the shift could be due to some compressive deformation coming from the thermal expansion mismatch between diamond and the hard metal WC substrate (α diamond ∼ 0.8 − 1 × 10 −6 K −1 , compared with α WC:Co ∼ 4.5 − 5.4 × 10 −6 K −1 ). In our case, the compressive deformation should be coming from the doping or alloying effects of the Co and W diffusion into diamond. All the Raman shifts were identified based on previous work.
37 Figure 11 gives the morphology evolution from laserheated position to the heat-unaffected zone (the base material) of the diamond tool. The inserted SEM morphology displays a close-up view of the interface between the fusion and heat-affected zone. The grain structure of any solid material changes during laser heating, as shown in Fig. 11 . It is subjected to the peak temperatures that are higher than the melting point of the materials, followed by rapid cooling. The efficacy of the diamond tool decreases rapidly at temperatures exceeding 700°C to 750°C during a typical drilling process due to friction. 32 In this SEM morphology (Fig. 11) , the peak temperature was measured to be 853 K and was then rapidly cooled. These temperature fluctuations change the microstructure of the material nonuniformly to create the heat-affected zone next to the fusion zone, as shown in inset SEM morphology of Fig. 11 . Within the heat-affected zone, the most severe microstructural changes occur close to the fusion zone, where the peak temperatures are the highest. 38 The partially melted zone (fusion zone) is rather narrow, only several tens of micrometers, and of a scale similar to the heat-affected zone. Crack growth was observed in the fusion zone, as shown in the inset SEM morphology image.
Comparing the average and peak temperature values, the thermally induced stresses in the diamond are minimized, yet the temperature experienced by the diamond can be arbitrarily large, thus allowing a controlled study of the physical and chemical changes in diamond due to heating alone. Previously, such studies were conducted in hot filaments, 39 diamond anvil cells (DACs), 40 and microwave plasma. 41 In this work, the same effect was created with the added advantage of localized heating down to the diffraction limit of the . 9 Initially, the PCD layer shows a Raman shift around 1338.2 cm −1 , which is a diamond peak, and after laser heating for 45 min, the PCD layer shows some Raman shift of Co or W oxides and the diamond peak has shifted to 1335 cm −1 on the diamond layer, caused by the laser heating. The temperature was determined to be 681 K.
laser beam spot size, thus opening the way to controlled spatial studies on diamond-heated samples.
Conclusion
We have demonstrated a laser beam shaping system for heating and then measuring the temperature profile of a particular diamond tool sample. However, this system can be used for any material. We successfully raised the temperature profile of the sample in a controllable manner over a wide range of laser powers and showed that a uniform and gradient temperature profile across the sample could be engineered. The experimentally measured profiles are in qualitative agreement with those predicted theoretically, while we can measure the temperature of a sample to within 1 K from just above room temperature to >1000 K without contact with the sample. The creation of such temperature profiles allows a study of temperature influences without and with thermal stress, adding a valuable tool for those wishing to execute controlled material heating studies. 11 SEM morphology for the copper-cooled case, showing the damage where the laser was heating the diamond layer, fusion zone, heat-affected zone, and heat-unaffected zone (peak temperature 853 K, laser power 242 W, beam radius 0.14 mm, heating duration 30 s). Inset: Morphology was taken at the edge of the fusion zone and shows the fusion-zone line and the heat-affected-zone structure.
